Abstract: Sputtering of condensed-phase ammoniumnitrate yields an extensivedistribution of negative cluster ions of the form [(NH4N03),N03]-, n 2 3. Collision-induced dissociation of mass-selected cluster ions suggests that the first two members of the series, n = 1 and n = 2, are missing because the ions rearrange to lose one or more ammonia molecules. Gradient-corrected density-functional calculations show that N H 4 N 0 3 is strongly hydrogen bonded and that [(NH,N03)N03]-has no hydrogen bonds, consistent with this ion rearranging to lose NH3 to form the strongly hydrogen-bonded ion [H(N03),]-.
INTRODUCTION
As its name implies, ammonium nitrate (AN) can be viewed as an ionic solid made up of ammonium cations and nitrate anions. If this were a complete description of the solid, then sputtering would be expected to yield all ions of the form [(NH4N03),NH4]+ as the only singly-charged ions in the positive-ion spectrum and all ions of the form [(NH4N0,)N0,]-as the only singly-charged ions in the negative-ion spectrum. Such a positive-ion mass spectrum, for n from 1 to 43, is indeed seen upon sputtering AN [1, 2] . The sputtered negative-ion spectrum is not as expected based on this ionic model, however. Instead, only [(NH4N03)N0,]-, n 2 3, negative ions are seen [3] . Two negative cluster ions (n = 1 and 2) are observed in trace amounts only. The absence of the n = 1 ion is all the more surprising because all the larger clusters would be expected to have this ion as their core.
The key to understanding why the first two members of the negative ion series are missing requires considering the effect of hydrogen-bonding on the structure of AN. If a proton were transferred from the ammonium cation to the nitrate anion in a formula unit, then the formula unit could be viewed as an ammonia molecule complexing through its lone-pair orbital to nitric acid. The resonance between the ionic and molecular interactions is hydrogen bonding, and the strength of the hydrogen bond is correlated with how far a proton is separated from each ammonium cation.
In either the positive or negative AN clusters, one or more of the ammonia-nitric acid bonds can
cleave. An overall charge-dependent imbalance between ammonia or nitric acid fragments that escape during the formation of ions in the sputtering process rationally gives rise to the other relatively abundant cluster ions in the positive and negative mass spectra. The delicate balance between ionic and molecular bonding explains the absence of the n = 1 and 2 ions in the sputtered negative ion spectrum.
EXPERIMENT
In this work, the AN mass spectra were obtained using a ZAB-2F (VG Analytical Ltd.) reversegeometry, double-focusing mass spectrometer operated with an accelerating potential of 8 kV. Samples were prepared by pressing ammonium nitrate into indium foil affixed to the tip of a fast-atom bombardment probe. Xenon atoms with an average kinetic energy of 6.5 keV were generated using a saddle-field gun operating at 8 kV with an ion current of 1.5 mA. The xenon neutral current equivalent was approximately 7 pA applied to a target area of 4 mm2. Figure 1 . Partial negative-ion mass spectrum of sputtered ammonium nitrate. Figure 1 shows the negative-ion mass spectrum of sputtered ammonium nitrate. CZusters with the general formula [(NH4N03),N03]-are indicated by the numbers 1-9. Cluster ions with n = 3 -40 are observed in relatively high abundance; the n = 1 ion is almost lost in the noise, and the n = 2 ion is far less abundant than the more massive members of the series. For smaller cluster sizes, the abundance of species apparently formed by losses of single and multiple NH3 from [(NH4N03),N03]-ions becomes pronounced. These are designated a, b, and c, corresponding to losses of 1, 2, and 3 ammonia molecules, respectively. Loss of NH3 from [NH4(N03)2]-(the n = 1 negative ion) would result in [H(N03)2]-, which is the second most abundant ion after [NO3]-in the spectrum.
OF SPUTERED AMMONIUM NITRATE
To further test our hv~othesis that the lack of the n = 1 and 2 nenative ions results from " z -these species rearranging and fragmenting, collision-induced-dissociation (CID) experiments were performed. The negative ions that are fairly abundant in the sputtered spectrum can be massselected by the magnetic sector of the instrument. These mass-selected species are then collided with a collision gas (helium in these experiments) in a field-free region of the instrument and the resultant fragment ions detected and identified [4, 5] . The n = 1 cluster is found in very low abundance in the CID spectra of all AN clusters examined (n = 3 -15). Figure 2 shows the negative-ion CID spectrum of [(NH4N03),N03]-. As in Figure 1 , the numbers indicate [(NH4N03),N03]-ions, and subsequent fragmentation of these ions Ieads to ions designated a, b, and c, which correspond to losses of 1, 2 and 3, ammonia molecules, respectively. The relative abundances of ions in the CID spectra are similar to those seen in the directly sputtered mass spectrum. For all parent Both the positive-ion and the negative-ion mass spectra of sputtered ammonium nitrate are more complicated than a simple ionic model would suggest. Previous work on positively charged ammonium nitrate clusters, under the same experimental conditions, identified the cluster-ion series, [(NH4N03),NH4]+, where n = 1 to > 43 inclusive [3] . This is as expected from a simple ionic model. On the other hand, studies of the positive ions show that these ions can also rearrange and dissociate by the loss of a single H N O , molecule. As discussed above, the negative-ion clusters dissociate by losses of one to three N H , molecules and the n = 1 and 2 species are missing from the corresponding negative-ion series.
These experimental results are insufficient to answer the question of why the n = 1 species is not observed in the negative-ion spectra, while the corresponding n = 1 species is always abundant in the positive-ion spectra. The lack of thermodynamic data for many of these species suggests a purely theoretical approach to the question.
THEORY
Density-functional theory [7] is an appropriate method to use to study AN clusters where both ionic and hydrogen bonding compete in determining structures and energetics. Gradient-corrected functionals are very important because of the hydrogen bonding and the fact that relative total energies are important [8] . The deMon [9, 10] computer code was employed, which uses three different Gaussian basis sets [ I l l : one to fit the one-electron orbitals, one to fit the exchange-correlation part of the electronic potential, and one to variationally fit [12] the density to obtain the Coulomb part of the electronic potential. The default double-zeta plus polarization-on-heavy-atoms basis set was used with the Becke exchange [13] and Perdew correlation [14] potentials. The geometries of selected clusters were optimized, and their total energies were evaluated are listed in Table 1 .
Studying the optimized equilibrium structures of these molecules and ions is a good way to understand the energetics. Figure 3 shows the optimized structure of the ammonium nitrate molecule, In the upper part of the figure, the molecule is depicted in space-filling form. In the lower part of the figure the bond distances and bond angles are given. The atoms, from darkest to lightest are nitrogen, oxygen, and hydrogen. The fourth hydrogen atom of the NH4 group is pulled away by 0.6 A by the NO, group. This structure agrees very well with that obtained at the Hartree-Fock level of theory using a 4-31G Gaussian basis set [15] . Viewed as a molecule formed from ammonia and nitric acid components, the gradient-corrected density-functional bonding energy of AN is 15.4 kcal/mol. This binding energy is somewhat less than 21.7 kcal/mol obtained in the Hartree-Fock calculation, but the density-functional calculations also support the conclusion that AN contains one of the strongest known hydrogen bonds [15] . Viewed as a molecule formed from an ammonium cation and a nitrate anion its binding energy would be 132 kcal/mol. The density-functional energetics of the n = 1 negative ion rearrangement and fragmentation are shown in Figure 7 . If [NH,(NO,),]-is created with a small amount of internal energy, as little as 18 kcal/mol, if there is no reverse activation energy, then it should be possible for it to rearrange to lose ammonia and form the very stable hydrogen dinitrate ion that is the second most abundant ion in the sputtered mass spectra of AN (Figure 1 ).
CONCLUSIONS
The absence, or low abundance, of [(NH4N03)N03]-(n=l) is a consequence of the fact that this ion has essentially no hydrogen bond stabilization and that the ion is created with significant internal energy by the sputtering process. Two dissociation pathways are accessible, loss of NH3 and loss of NO:, which are only 18 kcal/mol and 33 kcal/mol, respectively, above the ground state of the n = l ion. Both exit channels lead to products with strong hydrogen bonds. More ammonium nitrate molecules surrounding the n=l ion increase the solvation energy to stabilize the larger clusters. 2) how to explain that such a small amount can perturb all the sample taking into account this small concentration ? A : Regarding the first part of your question, the mechanism for sensitization has not been resolved. Cook and Haskin have proposed a mechanism based on hydrogen bonding (see the latest International Detonation Symposium). In contrast, Constantinon and Chandhri have proposed a mechanism based on the formation of a charge transfer complex. I am hoping, we can clarify this issue in the future. Regarding the second part of your question, I believe that the small amount of amine initiates the reaction and very quickly there is an auto-catalytic reaction (as suggested by Constantinon) takes over. Once the reaction is initiated, the subsequent reactions may be very complicated.
Boileau -Gupta :
Using a tertiary amine instead of the DETA or EDA, are the shifts the same ?
Is it possible to add before shock a product that picks up a CH3. or adds to C=N ? Q : To study ethylnitrate (usable and not very dangerous liquid) under shock, (is it a shift of Raman lines ?) without and with some traces of amine (verification by Presles if amine is a sensitizer, I think no but it is to be verified) and after, put in ethylnitrate some nitromethane, without and with amine to see if the shifts in the nitromethane bands are modified. Is it possible by this way, to see if there are clusters in nitromethane ?
A : I think that these suggestions are interesting and address a question. Shock-business is a hard business and we have to work in a well defined direction and choose and concentrate on well defined sample with precise experimental conditions.
Melius -Gupta :
Q : The disappearance of the C-N bond frequency does not necessarily mean that the C-N bond is breaking. It is possible that a"C=N-bond or a -C_=N is being formed, such as in HCNO, HNCO / or HCN. Is it possible for you to look for such new bond formations ? A : In principle, the answer is yes. In practice, it will depend on the concentration. As you are aware, Raman scattering is a weak process.
Mialocq -Gupta :
Q : What is the physical origin of the shift of the nitromethane UV absorption spectrum under the pressure increase ? Is it some increase of the molar extinction coefficient or a real shift due to some Onsager cavity type effect ? A : Because our interest was in the large shift due to chemical reactions, we have not thought in detail about the pressure induced shift. However, this latter issue has been addressed in our work A : We know very well this problem and took great care about the experimental conditions. For example we subject sample to many laser shots to check that, we used stainless materials to avoid contaminations. Concerning nitromethane we used only fresh materials to avoid contaminations with metal and also sapphire windows. We checked eveything was possible to check.
NeIson -Delpuech Q : May have some precision about the excitation mechanism that you suggested ? Is it a photon-polariton or a phonon-polariton, or an I.R. photon-polariton ? A : The mechanism is a coupling between phonon and photon and it is a phonon-polariton.
Melius -Dufort Q : Concerning the possible role of electronic excited states I have two remarks. The first one is concerned with time scale. If necessary time to break a bond is several hundred nanoseconds, excited state is not necessary, but if it is 100 ps it is necessary and I can consider excited state as a necessary mean. The second point is that you showed photon correlation with repulsive curve. A repulsive curve leads to radiationless process not involving photons. Can you comment ? A : I presented a correlation between excited state characteristics and shock-sensitivity. The excited state was dissociative, but these correlations are not concerned with the photons emitted by the laser.
Gupta -Dufort
Q : You showed quantum mechanical calculations using harmonic oscillator solution, you put a shock-wave and calculating the population density. Can you give details about these correlations ? A : Yes, it is a pure analytic calculation using Hermitte polynomes for eigen functions of the harmonic oscillator. That shows the evolution of the excitation probability as a function of the speed of the detonation velocity. The shock is simulated by a Heavy-side perturbation function.
Mialocq -Kondrikov :
Q : Do you have any spectroscopic evidence for the existence of a complex between sulfuric acid and nitromethane (or TNT) since you explain the strong sensibilizing effect of inorganic acids on the nitrocompounds detonation by the formation of a nitromethonium sulfate ? A : Very good question and very short answer : no.
Odiot -Kondrikov
Comment : Calculations show that when lme is added to the C and N atoms of the C-N bond, the strength of the bond increases by lkcal/mole. It decreases in the opposite case. If you have nitromethane in a bath of H2SO4, it is surrounded by many protons, and the electronic charge on C and N will decrease, thus the bond strength decreases strongly. You have to take account of this effect when you study the sensitivity of nitromethane in a bath of protons. Melius : There are two separate effects which are occuring. One is the environment of charge species which can help weaken bonds as you mention. The other thing that happens is say a proton charge can go on to the molecule and make a new molecule which now makes extremely different chemistry. Thus we must consider both effects.
Mialocq -Dlott : Q : In your picosecond time scale transfer measurements in nitromethane, you made use of dye heaters absorbing at 1 pm. What is the energy transfer mechanism involved, considering the very short lifetime of IR absorbing dyes (probably polymethinecyanine dyes) ? What are the characteristic time constants ? Do you take into account the polar solvent relaxation around the dye solute and the vibrational cooling which both occur below 10 picoseconds according to the current litterature findings ? A : The dye heater we use is called IR-165. We have studied it in detail (J.Phys.Chem., 1992). The vibrational cooling time is about 4 ps. That is sufficiently faster than our laser pulses that its vibrational cooling and other photophysical processes do not play a significant role in our multiphonon up-pumping measurements. Q : Electronic relaxation is Ips but vibrational relaxation in ground state is 4 ps for dyes. What do you observed in nitromethane ? A : For nitromethane we used time-resolved incoherent Anti-Stokes Raman Scattering technics. We observed that the build-up of energy was on a two hundred picosecond time-scale. Since the energy of the dye is not immediately transferred to nitromethane vibration, we imagine that there is collisional degree of freedom that we called "phonons" and explain this delay.
Rulliere -Dlott : Q : For energy transfer processes you showed two kinetics curves have the same rise-time but delayed in respect to each other. What is the mechanism explaining this delay while the rise-times look similar ? A : The details of vibrational energy transfer mechanisms are complicated. They have been discussed by Hill and Dlott (J.Chem.Phys.) in 1988 and also in a recent J.Phys.Chem. article on nitromethane by Chen, Tolbert and Dlott. In the regime under study, a higher energy vibration hn transfers energy only to lower energy vibrations whose energies are within hRmax, where Rmax is the phonon cut-off frequency. The delay time is the time required to make a few steps in energy. For a few steps, the rise time is not increased so much.
Dremin to Workshop : Once again I'd like to turn our discussion to the problem we were going to discuss, namely to the problem of shock mechanical energy transfer to EM's molecules. At present some ideas on the problem have been already developed ; Gilman's idea of electronic excitation through metallization, our idea of electronic excitation, dissociation and nonequilibrium decomposition of EM's molecules in the detonation shock wave front, and others. My proposal is to spend more time to discuss on (to my opinion) the most important problem for the present for 
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